Endotoxin (LPS) hypersensitivity may be induced in mice by live or killed Gram-negative and Gram-positive bacteria. It is characterized by an overproduction of pro-inflammatory cytokines in response to LPS and by an enhanced susceptibility of the mice to the lethal activity of LPS and TNFα. The induction of LPS hypersensitivity by bacteria is mediated by IFN-γ. Consequently, its development can be inhibited by anti-IFN-γ antibodies and is absent in mice with an impaired IFN-γ receptor. In sensitized mice, the enhanced activity of LPS is strictly LBP-dependent. Bacteriatreated, LBP-deficient mice exhibit only a marginally enhanced LPS responsiveness. In such mice, the administration of exogenous LBP at the time of LPS challenge restores the LPS hyper-response. Mice hypersensitive to purified LPS are also hypersensitive to whole Gram-negative bacteria. Such mice, however, are only moderately sensitized to Gram-positive bacteria or to the bacterial superantigen SEB. This sensitization, in contrast to the LPS and Gram-negative bacteria hypersensitivity, is IFN-γ independent. The role of LPS hypersensitivity for the outcome of Gramnegative infection is a dual one. At the early stages of infection, hypersensitivity enables the host to sense minute quantities of bacterial antigens and react against the infection. A failure of this early protective mechanism to eliminate the invading bacteria may have disastrous consequences, since the threshold of development of endotoxin shock is considerably lower in the hypersensitive host.
INTRODUCTION
Lipopolysaccharides (endotoxins, LPS) are causative agents of the pathophysiological reactions seen during the course of infections with Gram-negative bacteria. These reactions can be mimicked by treatment of experimental animals with purified LPS. Interestingly, in mice, a number of experimental infections, especially those with intracellular parasites, may transiently increase the susceptibility of the infected host towards the lethal effects of LPS. Such LPS-hypersensitive animals produce enhanced levels of pro-inflammatory cytokines, such as TNFα, IL-6, or IFN-γ, in response to LPS, and exhibit increased susceptibility towards the lethal effects of TNFα. The development of this hypersensitivity proceeds slowly. In non-lethal infection, it reaches a maximum 7-14 days after treatment with bacteria and persists until the microorganisms are eliminated by the host. For inducing sensitization, infection with live bacteria may also be replaced by treatment with an appropriate amount of killed bacteria. 1 The hypersensitivity induced by infection (or killed bacteria) is mediated by IFN-γ 2-4 (unpublished data). As a result, its development proceeds in LPS responder (Lps n ) and nonresponder (Lps d ) mice provided these are capable of producing IFN-γ in response to the bacterial treatment. Consequently, Lps d mice with an intact IFN-γ production, such as C3H/HeJ or BalbC/l, change their LPS resistant phenotype after treatment with bacteria and become partially LPS responder. [5] [6] [7] On the other hand, infected Lps d C57BL/10ScCr (Cr) mice, due to their defective IFN-γ production, resist the sensitizing effects of infection and when challenged with purified LPS, they are found to retain their LPS nonresponder phenotype. 2, 8 The IFN-γ defect of Cr mice concerns mainly the IFN-γ produced in response to microorganisms, the production of which is heavily impaired in these mice. 2, 8, 9 Other IFN-γ responses, such as those elicited by the T-cell mitogen concanavalin A or double-stranded RNA (polyI-polyC) or by antibodies to CD3 are normal or less impaired in these mice.
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IFN-γ DEFECT OF CR MICE
In an earlier study, we showed that macrophages of Cr mice when stimulated with bacteria produce no IFN-β, although the production of other cytokines, such as IL-1, IL-12, IL18 and TNFα which are known cofactors in the induction of IFN-γ 9,11 (unpublished data) seems to be normal. Further, addition of IFN-β to splenocyte cultures of Cr mice supported the induction of IFN-γ by Gramnegative bacteria. This and other findings demonstrated a cofactor role for IFN-β in the induction of IFN-γ by bacteria, and revealed the existence of an IFN-β-dependent pathway of IFN-γ induction. 9 At that time it seemed reasonable to speculate that the inability of Cr mice to produce IFN-γ and be sensitized to LPS when treated with bacteria might be related to the absence of IFN-β. This, however, could not be confirmed in subsequent studies (manuscript in preparation). Thus, it was found that, in mice, IFN-β was produced only in response to Gram-negative bacteria and that its induction was a property of the LPS component. Therefore, the inability of Cr mice to produce IFN-β is directly related to their LPS unresponsiveness. Also mice belonging to another Lps d strain, BalbC/l, due to their LPS unresponsiveness, cannot be stimulated either by bacteria to produce detectable amounts of IFN-β, yet they produce IFN-γ in response to bacteria and become sensitized to LPS. Further, Gram-positive bacteria induce no detectable IFN-β, yet some members of this family like Propionibacterium acnes are classical inducers of the IFN-γ-dependent hypersensitivity in most strains of mice. Finally, as mentioned above, recombinant IFN-β, added exogenously to Cr splenocytes, will support induction of IFN-γ by Gram-negative but not Gram-positive bacteria. The results of these studies indicated that IFN-β plays no essential role in the IFN-γ production that leads to the classical LPS hypersensitivity induced by bacteria, and its absence in bacteria-treated Cr mice cannot be the reason for their inability to be sensitized.
In search for the reason underlying the IFN-γ defect of Cr mice which prevents them from being sensitized to LPS, the effect of relevant cytokines that come in question as cofactors or direct inducers of IFN-γ production, was recently investigated in vitro in different murine strains. As expected, treatment with IL-12 induced IFN-γ production in splenocytes of different mouse strains. Surprisingly, IL-12, neither alone, nor in combination with IL-2, IL-18 or concanavalin A was able to induce IFN-γ in Cr splenocytes indicating an IL-12 unresponsiveness in these mice (manuscript in preparation). A defective IL-12 responsiveness might well explain the defective IFN-γ production that results in the absence of LPS sensitization in Cr mice. The importance of IL-12 for the IFN-γ induction is well documented.
12, 13 The present results provide further evidence for the important role of IL-12 in the generation of IFN-γ in infected animals and, thereby, in the induction of hypersensitivity towards LPS. The reason for the IL-12 unresponsiveness of Cr mice is currently under study.
SPECIFICITY OF THE BACTERIA-INDUCED
HYPERSENSITIVITY
Quantitative differences in the degree of sensitization towards Gram-negative and Gram-positive bacteria
In addition to LPS, a number of other biologically active constituents which may contribute to the pathophysiology of infection have been found in Gram-negative bacteria.
14-19 Also Gram-positive bacteria possess potentially toxic constituents.
11 Among these, superantigens, such as Staphylococcal enterotoxin B (SEB), are probably the best studied examples. It is, therefore, of clinical importance to know, whether the phenomenon of bacteriainduced hypersensitivity enhances specifically the activity of LPS, or whether it also enhances the activity of other biologically active components of Gram-negative and Gram-positive bacteria. We have used whole killed Gramnegative (Salmonella typhimurium) and Gram-positive (Staphylococcus aureus) bacteria, as well as purified SEB and compared their activity to that of LPS in bacteria-sensitized mice. As a parameter of susceptibility, the height of TNFα plasma levels produced after intravenous administration of the various agents was used. The results obtained are summarized in Figure 1 . As with LPS, the highest TNFα levels were found 1 h after injection.
Injection of S. typhimurium in P. acnes-sensitized Lps n
BalbC mice induced a strongly enhanced TNFα response, comparable to that induced by LPS. Surprisingly, a similar enhanced response was obtained also in sensitized Lps d BalbC/l mice, although their response to purified LPS was low and comparable to that of unsensitized (control) Lps n BalbC mice. TNFα responses, similar to those induced by S. typhimurium were also obtained with a number of whole killed Gram-negative bacteria (not shown in Fig.  1 ). Thus, the hypersensitivity induced in mice by the bacterial pretreatment is probably not directed towards LPS only, but also towards other, non-LPS component(s) of Gram-negative bacteria. Alternatively, in sensitized mice, including the Lps d strains, the bacterial treatment may enhance the activity of non-LPS components that may act synergistically with LPS. A synergistic action of LPS and associated bacterial proteins (endotoxin protein) has been described earlier for the in vitro induction of TNFα in IFN-γ-pretreated C3H/HeJ macrophages. 20 In the above study, it was concluded that the endotoxin protein requires LPS for its full potency. Unfortunately, the identity of the protein is not yet known. Compared to the strongly enhanced TNFα responses towards LPS and whole Gram-negative bacteria, the responses to killed Staph. aureus and purified SEB are only moderately enhanced in P. acnes- (Fig. 1) and in S. typhimurium-sensitized mice (Fig. 2 ). There were no significant differences between the responses of Lps n and Lps d BalbC mice. Also a challenge with the Grampositive P. acnes or Streptococcus thermophilus induced only moderately enhanced TNFα responses in sensitized animals in either strain of mouse (not shown). Thus, there is an obvious quantitative difference in the degree to which infected mice are sensitized towards constituents of Gram-negative and Gram-positive bacteria, and which might be possibly explained by different underlying mechanisms.
Two types of sensitization by bacteria
The bacteria-induced hypersensitivity towards LPS, as mentioned above, is mediated through the action of IFN-γ. Therefore, the enhanced TNFα responses to LPS (Fig. 2 ) and the enhanced LPS lethality are absent in IFN-γ-defective Cr mice and IFN-γ receptor-deficient mice (unpublished data). [2] [3] [4] 8 As shown in Figure 2 , also the strong hypersensitivity usually seen towards whole S.
Bacteria-induced hypersensitivity to endotoxin 233 typhimurium is absent in the defective mouse strains. Interestingly, mice with an impaired IFN-γ activity, when pretreated with sensitizing bacteria, do exhibit a moderately enhanced TNFα response to whole S. typhimurium and Staph. aureus (Fig. 2) . The degree of sensitization obtained is comparable to that towards whole Gram-positive bacteria and purified SEB which develops in sensitized IFN-γ normal mice. The above data indicate that in bacteria-treated mice two types of sensitization develop, a strong, IFN-γ-dependent and a weaker, IFN-γ-independent one. The IFN-γ-dependent sensitization is restricted to Gram-negative bacteria. It is directed towards LPS and an as yet unidentified non-LPS constituent(s) which acts either as an independent stimulus, in synergy with LPS, or as a cofactor of LPS action. In the last case, the IFN-γ-dependent type of sensitization induced by bacteria would then be LPS-specific. The IFN-γ-independent sensitization develops in parallel. It is not directed to LPS. It is unspecific in the sense that its sensitizing effects are directed equally well towards the constituents of Gram-positive and Gramnegative bacteria.
A very important aspect of the bacteria-induced hypersensitivity is the development of hyper-reactivity towards the toxic effects of TNFα which is, like LPS hypersensitivity, IFN-γ mediated. Therefore, LPS hypersensitive animals would appear hypersensitive to any agent capable of inducing TNFα production. The biological consequences of IFN-γ mediated hypersensitivity become manifest not only during Gram-negative infections, but during all infections that induce a TNFα response.
ROLE OF LBP IN LPS HYPERSENSITIVE MICE
The importance of LBP increases in the course of sensitization to LPS
LPS-binding plasma proteins modulate the in vivo activity of LPS. 21, 22 One of these, the LPS-binding protein (LBP), an acute phase protein, has been shown to bind and transfer LPS to CD14. [23] [24] [25] This protein is present in a soluble form in plasma, and on the surface of different cell types that are known as targets of LPS, in particular monocytes and macrophages. The binding of LPS to LBP was shown to play an important role in endotoxemia. 22, 26 Using LBP-deficient mice, the importance of LBP for the enhanced effects of LPS (TNFα production, lethality) in P. acnes-sensitized animals has been investigated. 27 Unsensitized LBP-/-(129 Sv × BalbC) could be stimulated with LPS to produce TNFα, albeit to a lower level than that produced by wild-type mice (129 Sv and BalbC) treated similarly. This response could be moderately enhanced by prior sensitization with P. acnes. The characteristic hyper-response, seen in wild-type mice, however, was absent, suggesting that the enhanced activ- (Fig. 3) .
The native form of LPS, i.e. the LPS released from bacteria during infection, represents, at least in part, a complex of LPS with other bacterial constituents, thus being in any case different from purified LPS. To examine the role of LBP in the TNFα inducing activity of native LPS, we injected live S. typhimurium as stimulus in unsensitized and P. acnes-sensitized LBP-/-and wild-type mice, and the height of the TNFα response was estimated in plasma. Kinetic-experiments revealed that maximal plasma levels of TNFα are reached 2 h after an intravenous injection of live S. typhimurium. As shown in Table 1 , in sensitized mice, with lower amounts of live bacteria optimal responses are achieved only in the presence of LBP. With increasing bacterial numbers, the importance of LBP for the TNFα-inducing activity of native LPS decreases.
In further experiments, the role of LBP in the lethal activity of LPS was studied. Unsensitized LBP-/-and wild-type mice do not significantly differ in their susceptibility towards the lethal effects of LPS and require relatively high amounts of LPS (Table 2 ). Susceptibility to the lethal effects of LPS in LBP-/-mice increases significantly by prior pretreatment with P. acnes, albeit not to the same degree as in wild-type mice ( Table 2) . Administration of exogenous LBP enhanced further the Bacteria-induced hypersensitivity to endotoxin 235 
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lethal activity of LPS for the LBP-/-, but not for wildtype mice. Thus, the enhanced toxicity of LPS-sensitized mice is fully expressed only in the presence of plasma LBP. The above data on the induction of TNFα and of lethality by LPS indicate that the importance of LBP for the LPS effects becomes increasingly higher during sensitization by bacteria.
Increase of LBP and of CD14 mRNA expression during the development of hypersensitivity
As demonstrated earlier, LBP expresses its helper function for LPS activity only in conjunction with CD14. [23] [24] [25] 28, 29 Unsensitized mice, unlike rabbits and humans, exhibit a very low expression of CD14 in plasma and tissues. 30, 31 This may explain the relatively low contribution of LBP to LPS effects in unsensitized mice and the relatively high resistance of mice as species towards LPS. As shown in Figure 4 , the expression of the CD14 and LBP mRNA in murine liver increases strongly during sensitization with S. typhimurium, or P. acnes. In parallel, the plasma levels of LBP and soluble CD14 increase (not shown). Thus, an upregulation of CD14 and LBP might be prerequisite for the development of enhanced susceptibility to LPS. It should be noted, however, that a strong increase of CD14 and LBP mRNA expression in liver and other murine tissues is not necessarily indicative of an enhanced susceptibility to LPS. Thus, following an injection of LPS, a significant induction of CD14 and LBP mRNA in liver occurs concommitantly with LPS hyporeactivity (tolerance) to LPS. More detailed studies on the regulation of expression of LBP and CD14 (membrane-bound and soluble), as well as their consequences for the different LPS activities are required.
BENEFITS AND HAZARDS OF LPS HYPERSENSITIVITY
It may be safely claimed that an increase of susceptibility to LPS and to other bacterial constituents enable the infected host to sense minute numbers of invading pathogens and to mobilize unspecific and specific antimicrobial defense mechanisms. It is well documented that cytokines, especially TNFα and IFN-γ, play an important role in antimicrobial defense. 32, 33 Therefore, in this case, their enhanced inducibility in response to microbial constituents in hypersensitive animals will have to be looked upon as beneficial. The beneficial role which an enhanced LPS susceptibility plays against S. typhimurium infection is documented by the results presented in Figure 5 . As seen here, sensitization with P. acnes renders the mice significantly more resistant to infection . Compared to the controls (no survivals), the sensitized animals exhibit an over 60% survival and lethality in this group occurs significantly later than in the controls. Failure of the organism to restrict the multiplication of the invading pathogen despite an activated antimicrobial defence, however, would decrease the threshold of development of septic shock. This situation can be mimicked in an experiment in which unsensitized and sensitized mice are infected with a higher inoculum of S. typhimurium. As shown in Figure 6 , P. acnes-sensitized 129 Sv mice infected with 2 x 10 7 colony forming units die faster than the unsensitized controls. The presensitized, but not control, mice develop already during the first few hours of infection the typical sign of murine endotoxin shock (rough fur, immobility, closed eyes, diarrhoea). Of interest here are the results of similar experiments carried out with LBP-/-mice. Normal, unsensitized LBP-/-mice show the same high susceptibility towards a high inocculum of S. typhimurium (2 x 10 7 colony forming units) as LBP+/+ 129 Sv or BalbC mice and die within 3-4 days of infection. P. acnes-sensitized LBP-/-mice, contrary to sensitized LBP+/+ mice, survive for an unusually long period of time (7-21 days) and about 40% of the animals seem finally to control the infection (manuscript in preparation). One plausible explanation for this result would be that in sensitized LBP-/-mice the beneficial consequences of LPS hypersensitivity for the antibacterial defence are not blighted by the strongly enhanced toxic LPS effects, since these are not expressed in the absence of LBP.
At a first glance, infections caused by Gram-negative bacteria may seem to be potentially more dangerous than those caused by Gram-positive bacteria, since the degree of sensitization towards their constituents, especially against the LPS, is much higher than that towards the constituents of Gram-positive pathogens. The IFN-γ-dependent sensitization towards LPS, however, is accompanied by a sensitization towards TNFα. In sensitized animals, the enhanced effects of TNF can be elicited by any TNFα-inducing agent, including Grampositive pathogens. Therefore, the biological consequences of IFN-γ mediated sensitization become manifest not only during infection with Gram-negative, but also Gram-positive bacteria.
